Abstract. Titanium nitride-carbon nanocomposites have been synthesized by the reaction of TiCl 4 and NaN 3 in supercritical benzene medium that also serves as a carbon source. The as-prepared precursor has been subjected to di erent heat treatments under ammonia and nitrogen atmospheres. The structure and chemical composition of the synthesized TiN-C nanocomposites are studied by X-Ray Di raction (XRD) and CHN elemental analysis. Meanwhile, the nature of carbonaceous species and the respective carbon phase transitions during supercritical process and following heat treatments are further investigated by Raman spectroscopy, Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), and their charge-discharge characteristics with respect to lithium storage. After 10 h of NH3 treatment at 1000 C, carbonaceous phase transforms to graphene layered structure. The highly e cient mixed TiN conducting network and the internal defects between G layers induced by nitrogen doping improve rate capability and cycling performance of G sheets and provide a speci c capacity of 381 mAh g 1 at Charge/Discharge (C/D) rate of 0.2 C. The enhanced electrochemical performance of the SIV nanocomposite is mainly due to improving the electronic/ionic conductivity, reducing charge transfer coe cient, and increasing electrochemical surface area that are resulted from anchoring of TiN nanoparticles to graphene sheets.
Introduction
Lithium Ion Batteries (LIBs) with high energy density, long cycle life, and environmentally friendly aspect are important power sources in portable electronics and electric vehicles. Layered structure carbonaceous materials are widely used as anodes in commercial LIBs because of their good speci c capacity and low cost [1] . However, their poor rate capability and cycling performance, because of failure of carbon structure, cannot meet the upward requirements for high-performance LIBs [2, 3] . Recently, there have been tremendous e orts to improve carbonaceous anodes performance by doping various elements as conducting agent or decreasing crystallite size and increasing pore structure [3, 4] . Using active-inactive composites as a mixedconductive matrix, which electrically isolates the active particles from the current collector, is one of the solutions to improve the anode performance. The inactive phase can avoid aggregation of the particles and recover electrical connection between the anode particles and the current collector [5, 6] . Titanium nitride (TiN) shows excellent chemical resistance, superior electrical conductivity, and good adhesion with most materials. Therefore, there are great interests in upgrading anode performance by doping TiN into anode matrix. Anchoring of TiN nanoparticles to graphene layers not only promotes the electrical conductivity along caxis, but also suppresses the agglomeration of graphene sheets, resulting in the formation of a exible porous texture [7] [8] [9] [10] .
In the present study, TiN-C nanocomposites have been prepared using benzene as a carbon source through partial decomposition under supercritical condition followed by di erent heat treatments under ammonia and nitrogen atmospheres. However, our previous study has revealed the formation pathway of TiN-C nanocomposites and discussed their oxygen reduction activities [10] . Regarding the importance of carbon crystalline structure and its e ect on electrochemical performance, in an attempt to understand the nature of carbonaceous species, the present work is directed towards studying the respective carbon phase transitions. X-Ray Di raction (XRD), Raman spectroscopy, Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), and CHN elemental chemical analyses are used to identify the structure and nature of the carbonaceous species in the synthesized nanocomposites. Moreover, to con rm the obtained results, the speci c capacities of the prepared nanocomposites are measured as an anode in LIBs. In the activeinactive composite of C and TiN, C acts as a reactant during the lithiation process to form Li x C, which is enclosed by the TiN inactive matrix. Since Li + can only intercalate into carbon layered structures, and considering the theoretical speci c capacity of graphite as 372 mAh g 1 , the speci c capacity of synthesized anodes can be a representative of their structure. The TiN in the composite electrode does not alloy with lithium, but serves as an inactive matrix to support the intergrain electronic contact in the material, which would enable the TiN-C nanocomposite to exhibit good rate capability and cycling performance.
2. Experimental 2.1. TiN-C nanocomposites synthesis TiN-C nanocomposites were synthesized by a supercritical process using benzene (C 6 H 6 , Merck, 99.96%) as a solvent and carbon source and titanium tetrachloride (TiCl 4 , Merck, > 99%) and sodium azide (NaN 3 , Merck, > 99%) as reactants at 380 C with the holding time of 1-8 h. Subsequently, the as-prepared sample (SI) was further heat treated at 1000 C for 3-10 h using NH 3 and N 2 atmospheres, as mentioned in Table 1 .
Characterization
In order to examine the phase evolution and crystallization behavior, a STOE D-64295 di ractometer (Cu-K radiation, = 1:54056 A) was used employing a step size of 0.015. To evaluate the structural parameters of microcrystalite diameter (L a ) and interlayer spacing (L c ) for carbonaceous structure, XRD patterns were analyzed using the classical Debye-Scherer equations [11] : L c = 0:90= 002 cos 002 ;
(1)
where stands for Full Width at Half Maximum (FWHM) in radians of . In order to evaluate the nature of the crystalline structure of the carbonaceous species and the order/disorder degree of layered structure in the prepared samples, Raman spectra were taken on an ALMEGA XR Raman spectrometer at 532 nm. The intensity, position, and width of the bands were obtained using a Gaussian curve tting procedure. The microcrystalline diameter (L a ) in amorphous carbons can be calculated by the following equation [12] :
where C() is given to be 0:0055 for = 514 nm, which can be assumed as comparable with our slightly di erent (532 nm) [13] . 48 Ti + and CN peak intensities for positive and negative spectra, respectively, to correct di erences in the total secondary ion yield from spectrum to spectrum, as a result of instrumental drift, and provide better comparison state between di erent spectra. The prepared nanocomposites were also analyzed chemically using a Yanaco CHN CORDER MT-6 carbon, hydrogen, and nitrogen analyzer to determine the amount of carbon in the samples.
Electrochemical measurements
The electrochemical properties of the synthesized samples were examined using a two-electrode electrochemical cell at room temperature. The working electrodes were prepared by mixing active material, and poly(vinylidene di uoride) (PVDF) binder in a weight ratio of 95:5 without adding any conductive material in NMP solvent to form a homogeneous slurry and pasted on a copper foil, and then dried in vacuum oven at 80 C for 12 h. Lithium foil was used as the counter electrode and was separated from the anode by a Celgard ® 2400 membrane. The electrolyte was 1.0 M LiPF 6 in a mixture of Ethylene Carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) with a volumetric ratio of 1:1:1. The cells were charged and discharged over a voltage range of 0.005-3.0 V (versus Li/Li + ) at 0.2 C-rate using a charge-discharge unit (Hokuto Denko, HJ-1010 M) in a galvanostatic mode. Electrochemical Impedance Spectroscopy (EIS) measurements were performed using a potentionstat Ivium CompactStat by applying an AC voltage of 10 mV amplitude in the frequency range of 10 mHz-100 kHz at room temperature.
3. Results and discussion 3.1. Characterization Figure 1 shows the XRD spectra of the powders heat treated under di erent conditions as mentioned in Figure 1 (b)-(e)), implying the existence of carbon species in turbostratic or random layer lattice structure [14] . With increasing resident time (SII), the related peak intensities, crystallite size, carbon content, and benzene decomposition into aliphatic chains raise. After 3 h of NH 3 treatment, TiN di raction peaks' intensities ascend sharply; consequently, the crystallite size increases from 15 nm up to 38 nm. Moreover, the peaks' positions of carbonaceous species slightly shift to smaller values that indicate the phase transformation to graphene layered structure. Although further NH 3 treating does not have any signi cant e ect on TiN crystallization or crystallite size, carbon crystallization continues and microcrystalline diameter and interlayer spacing increase from 74 nm up to 99 nm and 9.23 A up to 10.90 A, respectively. However, after 10 h of N 2 treatment (SV) at 1000 C, XRD pattern indicates the presence of -TiO 2 with monoclinic structure and carbon peaks related to graphite structure. Figure 2 shows Raman spectra of SI-SV samples and their appropriate peak deconvolution. Samples SI and SII show peaks centered at 1604, 1543, 1333, and 1231 cm 1 that are attributed to G, amorphous carbon, D, and sp 3 rich phase, respectively [15, 16] . The presence of wide peak at around 3000 cm 1 is due to amorphous carbon while small peaks at 3189, 2914, and 2658 cm 1 are assigned to 2G, D+G, and 2D peaks. Regarding the literature, the presence of D, G, 2D, D+G, and 2G peaks reveals the presence of damaged graphene structure. On the other hand, the high intensity of G and D peaks indicates dispersed graphene layers in an amorphous carbon matrix, while wide D peak shows the ring order other than six for ringed sp 2 carbon [12, 17] . These data and analyses determine the carbonaceous phase structure in the asprepared samples as turbostratic or random layered lattice with I(D)/I(G) ratio and graphene crystallite size of 0.79 and 11 nm, respectively. After 3 h of NH 3 treatment, the carbon phase transforms totally to sp 2 state and graphene structure. The presence of G peak demonstrates E 2g mode of graphite, which is related to the vibration of sp 2 bonded carbon atoms in a 2-dimensional hexagonal lattice. Meanwhile, the presence of D peak is an indication of defects associated with vacancies, grain boundaries, and amorphous carbon species [18] . Moreover, the presence of 2D peak is the evidence of bi-layer graphene structure and good indication of c axis ordering. Raman spectra with characteristic G and D bands are implications of defects, disorder, and carbon grain size; their intensity ratio (I(D)/I(G)) is related to the level of disorder degree and average size of sp 2 domains [12, 19] . In this case, the graphene crystallite size can be calculated using Eq. (4) and I(D)/I(G) = 1.68 as 11 nm. Further heat treatment leads to ring opening of sp 2 atoms and subsequent decreasing of I(D)/I(G) ratio and increases the order degree of graphene layers. Therefore, more atoms are placed in sp 2 chains, and graphene crystallite size increases to 16 nm. The observed di erences between L a estimated by TK and DebyeScherer equations can be related to the possibility that XRD spectrum weights are the bigger crystallites, while TK underestimates L a due to the dominant e ect of small crystallites [12] . Thus, it can be concluded that the microcrystallite diameter of graphene patches of SIV is between 16-99 nm.
However, heat treating under inert atmosphere leads to di erent structures with peaks at 1608, 1541, and 1344 cm 1 . Considering the weak peak centered at 2833 cm 1 and its deconvolution, it can be concluded that SV consists of hexagonal graphitic structure with crystallite size of 17 nm. Besides, it seems that there is still some untransformed amorphous carbons in the SV sample after 10 h of N 2 treatment. This evidence shows the e ect of reactive atmosphere on not only complement of TiN nitridation, but also on carbon phase evolution. The main reason for this is that, under ammonia atmosphere, the phase transition temperature of carbonaceous species reduces to 800 C, while, in N 2 atmosphere, this temperature will be as high as 1500 C [20, 21] . Moreover, under N 2 atmosphere, the presence of carbonaceous species prevents the crystallization and growth of the TiN crystals during heat treatment [22] .
To have more understanding on the supercritical process reactions and the following heat treatment mechanism, the chemical state of the synthesized powders was investigated by positive/negative ion ToF-SIMS analysis. Figure 3 represents positive ToF-SIMS spectra of di erent samples with the most intense peak of 48 moisture or oxygen uptake during air exposure after the synthesis process and/or oxygen or water released from the water in the washing step. The remaining amount of Ti-O bonds which are in amorphous state according to XRD patterns is unavoidable due to partial surface oxidation of TiN compounds after heat treatment. The characteristic peaks of the analyzed precursor and their assignments are demonstrated in Figure 3 . By comparing the positive ion spectra of the precursors synthesized for 1 (SI) and 8 h (SII), increasing resident time mostly leads to formation of carbide species and increasing relative intensity of some other compounds such as CHN, C 2 O 2 , and HNO 2 . However, the benzene molecular ion (i.e., C 6 H 5 Ti expected at 124.99 m/z) was not detected, but the presence of some organic compounds on the surface of the precursor would attest to benzene partial decomposition under supercritical condition and subsequent reacting with azide groups and formation of C-H, C-H-N or C 2 H 4 N bonds on the surface of the precursor. According to this observation, benzene decomposition and its reaction with azide groups and titanium tetrachloride would be increased with rising holding time. It is worth mentioning that some compounds, such as TiCH 3 , in the ToF-SIMS spectra of the as-prepared precursor with weak peak intensity are detected which represent the benzene circles broken and that consequent hydrocarbons react with TiCl 4 . The ToF-SIMS data indicate some organic functional groups existing on the surface of the precursor.
After applying heat treatment, almost all functional groups, such as C-H bands and NO 2 groups, on the surface of as-prepared precursor are removed. Moreover, it can be seen that, after heat treatment, the relative peak intensities of TiO, TiOH, and TiCH x bonds decrease. The remaining amount of oxide bonds is unavoidable due to partial surface oxidizing of TiN compounds. As well, SIMS data do not expose any other important di erence between chemical composition of NH 3 treated samples for 3 h and 10 h. However, SV shows more intense TiO peak, in addition to some small peaks that are assigned to oxynitride/carbonitride species.
To have a better understanding on the carbon ion species and phase evolutions, the negative ToF-SIMS spectra of SI and SIV samples and the related peak assignments are shown in Figure 4 . Carbon bonding states are present in sp 2 and sp 3 of C , C 2 , C 3 , C 4 , and C 6 at m/z of 12.00, 24.00, 36.00, 48.00, and 72.00 u, respectively, while the highest intensity results from C 2 . The presence of CN ion mass fragment in the SI reveals the incorporation of N into carbon lattice, meaning that azide groups are a nitrogen source for both Ti and carbon atoms. After 10 h of NH 3 treating at 1000 C, the peak intensity of CN ion fragment increases around 6 times. The doped nitrogen would a ect the graphene properties and performance. At rst, it would disrupt sp 2 hybridization of carbon atoms and a ect electronic properties [23] . Moreover, it would enhance carrier density and, consequently, increase the conductivity of graphene [24] . Finally, it would remarkably increase the graphene speci c capacitance [25] . The presence of some CH and CHN compounds in the negative SIMS spectra of SIV can be attributed to the presence of saturated structures, such aliphatic side chains, attached to the edge of the carbon crystallites.
To have a more accurate comprehension on the chemical composition of the synthesized TiN-C nanocomposites, and specially provide a quantitative measure of the carbon contain, CHN analysis was conducted and the results are shown in Table 2 .
Electrochemical performance
To determine the electrochemical performances of the synthesized TiN-C nanocomposites as anodes in LIB, galvanostatic C/D cycles have been performed at a rate of 0.2 C over a potential range of 0.005-3.0 V (versus Li/Li + ), shown in Figure 5 (a). The calculated speci c capacities are obtained based on C mass as active material. The synthesized samples SI, SII, SIII, SIV, and SV demonstrate speci c capacity of 105, 125, 317, 381, and 307 mAh g 1 with columbic e ciency of 5, 10, 29, 38, and 23%, respectively. These results con rm the characterization analysis and show the existence of random layered structure in the as-prepared samples.
The speci c capacities of SI and SII samples that are 0.28 and 0.34 of theoretical speci c capacity of graphite structure, respectively, reveal that the carbon has a random layered structure in these nanocomposites that is in accordance with XRD and Raman analysis. Moreover, increasing resident time not only leads to more benzene decomposition, but also helps for more carbon crystallization. Increasing NH 3 treating time leads to ordering graphene structure and, consequently, improving electrochemical performance of SIV compare with SIII. The speci c capacity of SV sample is 0.83 of theoretical speci c capacity of graphite structure that con rms the existence of an amorphous phase with graphite structure. It is apparent that all TiN-C nanocomposites showing a huge irreversible capacity loss on the rst cycle can be attributed to: (1) the incapability of removing all the lithium on discharge that is inserted onto the rst charge; (2) the reduction of the electrolyte on the electrode surface and formation of Solid Electrolyte Interface (SEI) [26] [27] [28] [29] . Li ions can be trapped into graphene defect sites because of reacting with surface functional groups [30] [31] [32] . The EIS measurements that have been done before cycling at 3.0 V versus Li/Li + and the corresponding Nyquist plots are shown in Figure 5 (b), indicating that the impedance of samples reduces with the application of heat treatment because of crystallization of both TiN and C phases. Moreover, TiN nanoparticles increase conductivity of SIV and, consequently, lead to the decrease of the impedance compared with SV sample. These results show that anchoring of TiN nanoparticles on G sheets enhances the electrochemical performance by improving the electronic/ionic conductivity, reducing charge transfer coe cient, and increasing electrochemical surface area. Based on these analyses, under supercritical condition with temperature as low as 380 C and pressure around 150 atm., the carbonaceous phase with random layered structure is achievable. After applying NH 3 treating, the carbon phase transforms into graphene-layered structure. Meanwhile, increasing heat treatment time, mostly, leads to growing up and ordering of graphene layers.
Considering the notable speci c capacity of SIV, its electrochemical performance is further investigated. In this regard, galvanostatic C/D cycles have been performed at di erent rates (Figure 6(a) ), and the corresponding relationship between the speci c capacities and the current densities acquired from the C/D curves in Figure 6 (a) are depicted in Figure 6(b) . The TiN/G nanocomposite conveys a speci c capacity of 381 mAh g 1 at a current density of 0.2 C. Meanwhile, at higher current density of 7.7 C, a remarkable speci c capacity of 133 mAh g 1 is also delivered that represents a good rate capability. It is worth noting that the speci c capacity of G in TiN/G nanocomposites increases as a function of G in proportion up to 641 mAh g 1 at 65% G [7, 8] . Afterwards, the extra addition of G leads to decreasing the speci c capacity of G to 218 mAh g 1 at 82% G with C/D rate of 0.5 C, which is almost equal to G performance. The synthesized TiN/G nanocomposite with 36% G and a speci c capacity of 254 mAh g 1 are in accordance with the provided trend that suggests comparable quality of G sheets. The decrease of speci c capacity in low content TiN composites may ascribe to the insu cient cover of TiN on G that leads to producing large amount of SEI on the surface of electrode. Meanwhile, the decrease of speci c capacity in composites with high amounts of TiN is due to the excess inactive TiN that reduces the reversible capacitance. Using supercritical process to fabricate TiN/G nanocomposite, the percentage of G that is a function of benzene decomposition can be controlled by process time [10] and temperature [33] .
According to di erential capacity analysis, as depicted in Figure 7 , there are di erent Li storage sites in the synthesized TiN/G anode that could be divided into three areas, namely below 0.5, between 0.5-1.3, and above 1.3 V versus Li/Li + . Three pairs of reversible peaks below 0.5 V versus Li/Li + are due to lithium insertion into the graphene layers [34, 35] . On the other hand, between 0.5-1.3 V versus Li/Li + , lithium ions are intercalated into micropores, while double-layer mechanism is the prominent phenomenon at higher potentials.
The TiN/G demonstrates good cycling behavior as indicated in Figure 8 . At rst, speci c capacity initially increases up to 1.1 times during the rst three cycles that can be attributed to the boosting of its porous network structure. During Li insertion and extraction process, in the initial cycles, the TiN clusters pulverize into small particles due to electrochemical milling e ects that lead to more porous nanostructures with more edges, which are able to provide more activated sites for Li storage and also facilitate the penetration of the electrolytes [18, 36] . Establishing di usive condition because of SEI formation leads to a capacity retention (C15/C3) of 95%. Afterwards, the capacity starts to ascend due to gradual extraction of trapped Li ions into SEI or cavities [37] in such a way that shows capacity retention of 112% after 250 cycles. Actually, it seems that the larger number of lithiation/delithiation cycles activates electrochemical processes associated to the di usion of Li + that allows the trapped Li + to be gradually extracted from the micropores, and so the capacity increases.
Conclusion
TiN-C nanoparticles were synthesized using TiCl 4 and NaN 3 reactants in supercritical benzene medium that also serves as a carbon source and, afterward, applies heat treatment under NH 3 and N 2 atmospheres. The evolutions of carbon phase during supercritical process and following heat treatments were studied extensively. After 10 h of NH 3 treating at 1000 C, amorphous carbon was transferred to N-doped graphene structure, while N 2 treating led to a di erent structure. The synthesized nanoparticles were tested as anodes for LIBs. The TiN/G material exhibited superior electrochemical performance as an anode for LIBs with speci c capacities of 381 and 133 mAh g 1 at C/D rates of 0.2 and 7.7 C, respectively. Meanwhile, TiN/G electrode depicts the capacity retention of 99% after 250 cycles at C/D rate of 0.7 C. The favorable electrochemical performance of TiN/G anode is related to the highly e cient mixed conducting network and doping nitrogen into graphene sheets, improving the electronic/ionic conductivity, reducing charge transfer coe cient, and increasing electrochemical surface area. The introduced facile synthesis of TiN/G nanocomposite provides an advantageous pathway towards the development of high energy density, long cycle life, and commercial Li-ion anodes by anchoring of TiN nanoparticles to G that promotes energy storage applications in high-performance lithium-ion batteries.
